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AN EXPLORATORY SURVEY OF 
POSSIBLE DELAYED CRACKING TESTS 
by 
Ronald Blake Smith 
ABSTRACT 
• 
• 
, 
An exploratory su~vey of possible tests for 
evaluating the sensitivity 6f welded steels to 
~. I delayed cracking due to hydrogen has been under-
taken. The basic criterion used was that the 
tests be of simple design and easy to ·run. Prime 
importance was placed on the ability of the test 
specimen to measure cracking sensitivity quanti-
tatively rather than on a go-no go basis. 
Bead-on-plate type tests that used slif,~ to 
var-y the amount of restraint placed on th{weld 
root were not severe enough to cause sufficient 
cracking. 
Externally applied restraint specimens were 
designed to have a low inherent restraint placed 
upon the weld area by the welding process. 
Restraint was applied externally to the weld by a 
. simple bolt-hinge configuration. Test series 
were run on five steels of varying cracking 
.... 
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content and moisture level were used. The 
results showed that the restraint required to 
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cause cracking varied with the steel composition · 
, 
and the hydrogen level. The more hydrogen or 
.,/ 
moisture in the welding atmosphere the lower the 
stress necessary to cause cracking. The loci of 
cracking in both specimens conformed to pre11ous 
test results. 
The behsvior of the two externally applied 
restraint cracking tests were examined. The 
V-groove specimen was shown to be more severe 
end to a·ctually cause cracking without the 
application of external stress. The flat-topped 
specimen was less severe and allowed for more 
susceptible steels to be studied. 
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ABSTRACT 
An exploratory survey of possible tests for 
evaluating the sensitivity of welded steels to 
' 
delayed cracking due to hydrogen has been under-
taken.· The basic criterion used was that the 
tests be of simple design and easy to run. Prime 
importance was placed on the ability of the test 
specimen to measure cracking sensitivity quanti-
tatively rather than on a go-no go basis. 
Bead-on-plate type tests that ustd slits to 
vary the amount of restraint placed on the weld 
root were not severe enough to cause sufficient 
cracking. 
Externally applied restraint specimens were 
designed to have a low inherent restraint placed 
l!l'on the weld area by the welding process. 
~·-··s-· . ----.. ··ft·8'"s-tr111:rrt····-\vss applied externally to the weld by 8 
•. '11· 
simple bol·t-hinge configuration. Test series 
were run on five steels of varying cracking 
behavior. Three atmospheres of varying pydrogen 
.content and moisture level were used. The 
reaul ts showed .tha t the res tr a int required to 
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cause cracking varied with the !teel composition 
and the hydrogen level. The more hydrogen or 
moisture in the welding atmosphere the lower the 
... 
stress necessary to cause cracking. The loci of 
cracking in both specimens conformed to previous 
test results. 
The behavior of the two externally applied 
. 
restraint cracking tests were examined. The 
V-groove specimen was shown to be more severe 
and to actually cause cracking without the 
applieation of external stress. The flat-topped 
specimen was less severe and allowed for more 
susceptible steels to be studied • 
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ABSTRACT 
An exploratory survey or poaaible test• for 
evaluating the sensitivity of welded steels to 
delayed cracking due to hydrogen has been under-
taken. The basic criterion used wss that the 
tests be or simple design and easy to run. Prime 
importance was placed on the ability of the test 
specimen to measure cracking sensitivity quanti-
tatively rather than on a go-no go basis. 
Beed-on-plate type tests that used slits to 
vary the amount of restraint placed on the weld 
root were not severe enough to cause.sufficient 
cracking. 
Externally applied restraint specimens were 
designed to have a low inherent restraint placed 
'\::_ 
upon the weld area by the welding process. 
Restraint was applied externally to the weld by a 
simple bolt-hinge configuration. Test series 
were run on rive steels of varying cracking 
behavior. Three atmospheres of varying hydrogen 
content and moisture level were used. The 
results showed that the restraint required to 
... 
cause cracking varied !"J:tJL.:tt!J:L steel composition--:-----"·-····· -- ----•• ' • ·--~~- ··- ',' •• ....;--.;.....,-:..,:,; '•-• ••••~·..;;:..;,· •<• • ,·, •••. , .... ,. 0 •• .e, ,: 0 .-' • •• 0 -~--• 0 ----··-·-· • .;..:,.;.;...;....,_,,,~~-"-··-·, ..... ..:-'o,.-,..,,,_,-'"M'•••,-~•M•~••'-•• ;,,. •e.o••o·,•o ,,,.,,y,--0< .,,.,,,_,,. • ,,,, • .,.,,_._,•M.•-'~ • ,,. • • ', ' • ' 0 
and the hydrogen level. The more hydrogen or 
moisture in the welding atmosphere the lower the 
,-
stress necessary to cause cracking. The loci of 
., 
\ 
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cracking in both specimens conformed to previous 
' . 
test results. 
The behavior of the two externally applied 
restraint cr~cking tests were examined. The ' ~ 
V-groove specimen was shown to be more severe 
and to _actually cause cracking without the 
application of external stress. The flat-topped 
specimen was leas severe and allowed for more 
susoeptible steels to be studied. 
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INTRODUCTION 
• Delayed crac~ing associated with the welding 
· of steels has always been of concern to the 
welding engineer. Although the factors that 
contribute to delayed cracking have long been 
recognized little more than a general under-
standing has been achieved. In the absence of 
an exact understanding of the problem the 
engineer has relied upon weldability tests to 
gain information on the cracking behavior of 
various steels. A wide variety of these tests 
has been developed within the past twenty-rive 
years, yet there is no one universally accepted 
weldebility test. The ideal cracking test would 
meet the following requirementsl-3 by being; 
(1) Economical in labor, material, and time. 
(2) Free from variation due to the human 
·element. 
(J) Able to show the effect of all welding 
variables. 
(4) Able to show a sensitivity to small 
changes in a test variable. 
(5) Applicable to all weld processes. 
. ...... 
• 
. . . . . . . . -- ..•. ' . 
-- (6)- Able to show a direct correlation between 
test dat/,a and actual service behavior. 
(7) Reproducible. 
,. 
:~ ..... 
- .. __ ,. __ ·.·: -···· .... · · ...... 
• 
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To date no one cracking test meets all the 
requirements satisfactorily. A viable delayed 
cracking test must respond to the influence of 
... 
three main ractors: hydrogen, stress, and micro-
·structure. 
Hydrogen 
4-19 Investigations of delayed cracking have 
shown the deleterious effect of hydrogen. The 
exact role of hydrogen in the delayed cracking 
phenomenon is uncertain. Several theories have 
been put forth to explain its behavior. Three 
of the more widely known theories are summarized 
below. 
' 
20 The planar pressure theory assumes that the 
hydrogen dissolved in the weld metal approaches 
the solubility limit at the temperature existing 
in the molten weld puddle. Upon solidification 
of the weld metal the solubility decreases sharply 
"' 
causing the iron matrix to be supersaturated with 
hydrogen. The hydrogen which is in-the atomic 
form, tends to diffuse to rifts or pores within 
the matrix and there recombines to rorm the 
hydrogen molecule. The release of this hydrogen 
gas into a derect increases the internal pressure 
and lowers the stress necessary to produce 
cracking. 
I 
- :,· 
.. 
r 
:,; 
- . ·- --·-----·--.. - -• ~-·•·-~·-~.- .- . ----- . ----··-
,''). 
.· f ' ' 
f ' 
I 
-· 
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• 
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Surface energy theor1es 21 are based on the 
assumption that hydrogen is adsorbed onto the 
crack surfaces. One of the major energy dissi-
pation mechanisms in cracking is the energy 
.. 
required to produce new crack surfaces. This 
surface energy is lowered by the adsorption of 
hydrogen onto the void surface, thereby lowering 
the resistance to cracking. 
22 Troiano has suggested that voids not only 
act as sinks to which hydrogen moves but that 
the voids also act as internal notches causing 
stress amplification in the immediate neighbor-
hood. Hydrogen diffuses into the highly stressed, 
regions where stress amplification distorts the 
crystal lattic·e. As .more and more hydrogen moves 
in, the localized distortion increases until 
ultimately a crack rorms. 
' /... 
·Although each or these theories prophesizes a 
different role for hydrogen, they all require the 
diffusion of hydrogen to the vicinity of an inter-
' 
nal defect. Delayed cracking should thus be time 
dependent and this time dependence should be a 
• 
""··· 
.,;.,o. 
·, 
-• - - ,~ • -~- •• ••- • ---·-••«.•-••. ----· -- -·- .. ..,-•,.'. • ••. •" . -~- .• • . • •' • ~ ·• .... ,- ~M~·- -·~ • • •• • ••••-•••~ ... ·--~ 0 ••• •• ._. 
function of the rate of hydrogen diffusion. 
7,18 Some investigations ,· have supported this point 
\ 
by calculating an activation energy for the 
d~layed cracking -process. The·activation 
,-······ 
·• 
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energies ,obtained were close to the activation 
energy for hydrogen diffusion. 
The sources of hydrogen are many. The 
dissociation of moisture by the source of heat 
used in welding is perhaps the major provider of 
hydrogen to the weld area. Moisture may arise 
; 
from: condensation on work or wire, absorbed 
moisture in electrod~ coatings, absorbed moisture 
films on base metal or filler wire, moisture from 
' 
the ambient atmosphere aspirated into the arc 
atmosphere, cooling water leaks or condensation 
in the welding apparatus, water of crystalliza-
tion contained in rluxing compounds, decomposition 
and combustion of oil, grease or other hydro-
carbons on the work, decomposition and combustion 
of organic ingredients (such as .cellulose) in 
electrode coatings, and contamination of shielding 
gases by improper handling of tanks or hoses. In 
addition hydrogen may be added directly by being 
present in the base metal or weld wire prior to 
welding or· in the shielding gas. Since hydrogen 
is one of the basic ractors associated with 
(· 
-'-°"""'·-,--- ,:•,. ---~ -''"-'•~'~-- . --~·~=="' • -~.~~ ••. ----·----,•: .. ---'.c.--•~---,:T·.~•,c-c9••••••-~.-•··c-•·•···c··1·:-:·-c-·"•.·--:c-·.-,---·~-:c.·---.••.,---;,·;:-~,:-•,-.'-... "~ , :-··. . •• ·c .. · ·. : • ,. -- - L • ,. • - -• ••• - •• - • --.._- - - -••••• -• •••• - - - • -- - • - • 
-- ··-··-·------------------ -··· ·-· --···· ---- .. --···· - ----·------.. ·------- .. . . . . . . '.,.._.~ 
delayed cracking it is important in any weld-
-~·---,-·-~-«---- ab111 ty test that the·_ leve.l of hydrogen be con-
trollable. Care must be taken to avoid the 
,·, 
extraneous sources l~sted above. A variety of 
r 
' 
:_.·,.._, __ · .. 
' 
... 
·~: 
.., 
-- - ---·-- __________________ ;;;..:...; ____ _ 
\· 
' 
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methode are used to introduce hydrogen into 
weldabllity test welds. Those tests that employ 
the shielded-metal-arc welding process use elec-
trodes with a measurable amount of moisture in 
8,12,19 the electrode coating • In gas-shielded 
welding, hydrogen may be added directly with the 
18 shielding gas in fixed amounts or from 
electrolyticaily charged weld wire23. Moisture 
may be added by bubbling the shielding _gas 
. . 18 
through water • In most cases the hydrogen or 
moisture level of the electrode is readily 
determinable. The amount of hydrogen in the 
weld area or perhaps more important the profile 
of the hydrogen level in the weld area after 
welding is seldom known. It is not likely that 
all the hydrogen in en electrode will end up 
in the solidified weld. Different methods of 
adding hydrogen are likely to result in different 
proportions of hydrogen entering the weld metal. 
Thus comparison between tests using different 
hydrogen addition methods is dangerous, unless 
the 8 C t U 81 hy dr O g 8 n Con.ten. t __ in ... .the ...... W.e.l d .. . are--a .......... 1-8---...... ----·-·--"·--·s·~-... ,.....,-----· "'"-· · ·· .,.,-"'-----·-....................... --- -------8 ·--.. -·- -------·-···--- ----- -- --- --· - -- ... - ... -···--· ... ··-····--··· ........... --- ....•..•. ., ........... •-·"'"'"' " - ··-
known. There ·1s likewise no guarantee that 
different amounts of hydrogen added by the same 
method will result in ~he.same proportion of 
hydrogen being transferred to the solidified 
( 
---------·-·----·---------. - -· -- -~ ~-
,. 
,. 
,.•'if 
.. 
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weld area. Ase result of this uncertainty over 
final hydrogen content the control of hydrogen 
in weldability tests is of a qualitative nature. 
Stress 
The second basic factor associated with 
delayed cracking is stress. The stress acting 
upon the weld area is an aggregate of stresses 
from three main sources: 
(1) thermal contraction of the weld area which 
gives rise to long-range stresses. 
(2) metallurgical transformations that 
produce short-range stresses. 
(J) externally applied loads. 
Quantitatively, of the major weldab111ty 
tests, only two, the Lehigh Restraint Test24 and 
the NRIM Tensile Restraint Cracking Test5, measure 
the affect of stress. The constant-load rupture 
technique (it is not a weldability test) has been 
used ext~nsively by the British9-ll to study the 
-effect of stress on hydrogen induced cracking. 
What these three testing methods have shown is 
that there is a relationship between the amount 
of hydrogen, the stress at failure, and the time 
to ~ailure. Researchers ~t the NRIMS-7 have 
used the Tensile Restraint Cracking Test to study 
the effect of stress on delayed cracking in high -
.. 
-
.. 
' 
. ~ 
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. strength steel welds. The Tensile Restraint 
Cracking Test was run as follows. Two plates 
were welded togethe~ using y, Y, or U-grooves 
(both plates were bolted down). Within two 
minutes after welding, the welded plates were 
~ -loaded transversely to the weld line and tha 
load was kept constant until the weld had cracked 
through. The results were presented as a plot 
of mean tensile,stress versus sustained load time. 
What the results show is that as the mean tensile 
stress was lowered the sustained load time to 
cause cracking was increased until a stress level 
was reached below which no cracking would occur • • 
This lower limit is known as the critical tensile 
stress and is a function of hydrogen content and 
material microstructure. For any given material 
microstructure any process variable which affects 
' 
the hydrogen distribution, eg., heat input or 
preheat, also affects the critical tensile stress. 
An increase in heat input or. the use of preheat 
resulted in an increase in the critical tensile 
stress. A delay in the application o~ the 
tensile load also caused the critical tensile stress 
to rise. The i~vestigators believed that the 
\ ' 
~ 
. reason for the increase of the critical tensile stress 
was that the diffusible hydrogen was being ~ 
-~ 
/ 
... 
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dissipated. Theee tests also ehow that higher 
strength steels were affected more by hydrogen 
content than lower strength steels. 
Interrante and Stout18 using the Lehigh 
Restraint Test found that the time to crack 
~ varied inversely with the hydrogen content of 
the electrode. They also found that the restraint 
necessary to cause cracking decreased as the 
electrode hydrogen content was increased. 
9-11 
1 British investigators using the constant 
load rupture technique have studied hydrogen 
charged steels. The results were similar to 
those obtained by the Japanese. They too found 
a lower stress limit below which delayed 
cracking would not occur, which they called the 
lower critical stress. 
Although stress has been recognized as an 
essential factor in delayed cracking most weld-
ability tests provide no way of varying the 
stress in a quantitative fashion. The simplest 
weldability tests provide no stress variation at 
all. These bead-on-plate type tests involve a 
low inherent stress. Since the stress is low it 
may be difficult to use these tests to differ- · 
entiate between the cracking susceptibilities or 
of lower strength steels25. In addition 
I. 
\ 
.... · 
.. 
. .. 
• 
• 
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many· teat runs are required. 
This situation was improved somewhat with 
the development of tests which were designed to 
impose a higher degree of restraint on the weld 
area. The Controlled Thermal Severity Test3 is 
widely used in Europe. This test measur·es the 
sensitivity to cracking at two levels of cooling 
rate adjacent to the weld. Since the three main 
factors (hydrogen content; stress and micro-
structure) important to delayed cracking are 
affected by cooling~rate this is important, but 
it is difficult to vary the three factors in-
dependently of one another. The Cruciform Test3 
imposes a much higher degre~ of restraint than 
26 the CTS Test. In addition each of the in-
dividual passes imposes a difrerent degree or 
restraint upon the weld area so that a qualitative 
variation of restraint is obtained. The Cruciform 
Test is so severe, however, that differentiation 
. ) 
between steels that are very\crack sensitive is \ 
\ 
\ 
.difficult. In addition the reproducibility or 
the Cruciform test has been questioned27. 
The Lehigh Restraint Test24 imposes a stress 
-.. --·-: .. - --···- upon the weld that may be varied quan ti tati vely by 
- - -·-·-····-·······-·-····· ---- ----------···------·-----------~--:--::-··.· .- . '-~"•>·. ~~--- . . 
changing the length of restraint sltts. Since 
the restraint is varied external to the weld 
~-, 
: ·.- ., ~ .. 
/ 
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there is no effect upon either the m1crostructure 
or hydrogen distribution since the cooling rate 
is virtually the·same for dirferent restraint 
levels. 
The TenSile Restraint Cracking Teat5 takes 
the next step by applying an external load of. 
any chosen value at any cnosen time. The level 
of restraint may be varied at any time during 
the test run. This extra latitude makes this 
test apparatus not only a good weldsbility test 
but also a valuable laboratory tool with which 
to study the basic nature of delayed cracking. 
Microstructure 
Recent invest1gations 9-l4 have shown that 
the as-welded microstructure of the weld area is 
perhaps the most important factor in determining 
susceptibility to delayed cracking. Differences 
in c.racking behavior between various steels 
could be explained on the basis of the micro-
structure present 1.n the weld area. Suscept1-
b111 ties ·o-f various microstruetures were graded 
by the use of an embrittlement index. 
Emb. index= NTS (H free) - LCS (H charged) 
NTS (H free) 
..•. 
. ". 
' 
where: NTS = notch-ed teris '-+e e tress. ------··----------··--' ·--··----:'---·~- --- .... - --- - ' - ------. -. - ~-----7 --.-_ -----:·.-c-:---,-.' ::__"."~'"'-- ,, 
---
__ ,, _______ .... --- ---- ·····- .. --- -·· -------·-·-····· ,- -···-------
·~ LCS = lower critical stress 
On the b'asis of this grading system 1 t was shown 
,: 
... ~.I -
., 
... 
----·--·····- ---- ----- -----~--. -~~~__,_..,....:..:.---~-=--
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that martensites containing different fine 
. structures behave differently with respect to 
delayed cracking. Internally twinned martansite 
is the moat susceptible and plain martensite the 
least susceptible microstructure. A third type 
• 
of martensite recently described by Watkinson14 
as bainitic·martensite has a susceptibility 
intermediate between the other two martensites. 
Non-martensitic microstructures show a lower 
susceptibility. The susceptibility of mixed 
. 
microstructures depends upon the relative amount 
of each individual microstructure present. 
With respect to microstructure two points 
must be considered. 
(1) what is the pro~ability that a specific 
mi_crostructure will be formed? 
(2) what is the cracking susceptibility of 
Since the formation of hardened microstructures 
is more deleterious with respect to cracking it is 
more important to know the probability of forming 
these hardened structures, i.e., the hardenab111ty 
of the particular steal 1nvol ved. Baker13,,...;has 
grouped steels based on the twin criteria of 
.I' 
- . - -- ---· - ·--··. ·-···- ... . . ... - -----· - - -·- .. . ... . ... --· - .......... 
. ··- ..... ___ ,, ···---·· ... - ·-·-··-···- ... 
_ . ., . - ....... . .. --- .. ,. 
.... ·--·· -·- ----- • - --- -- -- -·-- . ____ .....,_..__"<°_ ~~·- . ; - ;...,_::. .... -- ----- -- - --hi~aenability and susceptibility. Both thermal 
cycl'e and· composition are thu~" taken into 
' 
• 
• 
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consider~tion and necessary precautions may be 
1 
taken. This criterion is an improvement over 
the conventional method which has been the use 
28 of carbon equivalency formulee • No single 
rormula can be applied satisfactorily to all 
classes of steel or take into account the 
susceptibility of all possible microatructures. 
Several 1nvestigators4,l8, 28 , however, have 
shown good correlation between carbon equivalent 
end delayed cracking. 
All weldability tests can be examined 
microstructurelly. Few require as normal pro-
cedure, however, the high resolution examination 
(electron microstructure) necessary to difrerenti-
ate between martensitic fine structures. Weld-
ability tests that use a fixe~_ energy input3 
• 
must be used with caution. Although low energy 
inputs are used to assure reirly severe cooling ~ 
conditions it is possible that in actual practice 
a more severe cooling rate may result in a 
microstructure that is more susceptible. Like-
wise a slightly lower cooling rate may result in 
a microstructure that possesses greatly improved 
cracking resistance. Moat weldability tests 
allow fo~ variation in cooling rate by chang~ng 
energy input, thickness, or by using external 
~ 
:, 
\ . C 
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heat. Unfortunately a change in any of these 
process variable9 may not only affect the micro-
structure but also the stress system and hydrogen 
distribution. • 
Non:phenomenological reguirements 
To this point major emphasis has been placed 
on the ability or several cracking tests to show 
the effect of hydrogen, stress, and microstructure. 
What of the non-phenomenological requirements of a 
cracking teat; reproducibility, applicability, and 
economy? 
Reproducibility may be impaired either by 
the design of the test specimen or by human 
fallibility in running the test. The simpler 
weldability tests such as the bead-on-plate types 
require a number of test runs to give a reliable 
result2 • The Battelle Bead-Weld-Underbead Cracking 
Teat3 requires that ten test runs be made to have 
a reproducibility within 10%1 • 
The design of two or the more complex tests 
have been criticized for giving non-reproducible 
results. Graville 29 and SutherlandJO have criti-
cized the Controlled Thermal Severity Test. 
Within certain ranges of gap width cracking 
behavior was shown to vary erratically. Poteat 
and Warner27 claimed that the Cruciform Test is 
·""""' 
___ lliiiiliill ____________ _,_.;,.-···· =---...;,..:--., ...... ,, .  ....,.-.-._.,. -""""""--
, 
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not suitable for differentiating between cracking 
euaceptibilities of various steels. As a go-no go ' 
test, however, it is quite useful due to the high 
restraint level. 
Applicability of the test data obtained from 
a weldability test to actual welding practice is 
the ultimate aim, for if test results do not 
correlate with field results then the test is of 
little practical use. Specimen design is often a 
severely limiting factor. The Controlled Thermal 
Severity Test and the Cruciform Test simulate 
-conditions found in fillet welds while the 
Lehigh Restraint Test and the Tensile Restraint 
Cracking Test simulate butt weld conditions. 
Even though delayed cracking is dependent on 
three factors the location of a crack (root, 
underbead, etc.) may dictate which factor has 
more influence. A test that produces root 
cracking may not be applicable to a situation 
where toe cracking is a possibility, since toe 
cracking is brought about by a different combina-
tion of factors. 31 
Economy in labor, material, and time must 
also be considered. The simpler tests require 
the expense of many test runs. The Lehigh 
Restraint test and the Controlled Thermal Severity 
Test require a .. number of runs to obtain a 
• 
.'I,. 
\ 
.•. 
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cri tical level of some teet variable. Added to 
this is the cost involved in machining and con-
I struction of these tests. The Tensile Restraint 
Cracking Test requires a large capacity testing 
machine and fairly sophisticated moni;()I'1)g 
equipment. 
When designs are considered for a new 
~eldability test, several previously stated 
points must be taken into consideration. 
(1) the test must provide a controlled supply 
of hydrogen of any desired level. 
(2) stress must be independently variable to 
any desired level. 
(J) all possible microstructures must be 
obtainable, i.e., cooling rate must 
be variable. 
;(\4) the test should be simple in design and 
easy to use and should require a minimum 
number of test runs. 
,(5) a test that simulates more than one 
joint design would be desirable. 
(6) reproducibility and applicability 
requirements must also be met. 
} 
., 
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\ 
rtaPERIMENTAL PROCEDURE 
Materials 
Five steels covering~a range of compositions 
I 
were chosen for the experimental program. The 
primary steel, a one inch HY-80, was used ex-
tensively in preliminary testing since it had 
bsen shown previously to be crack senait1ve18 • 
The other steels, ell of one inch thickness, 
were HY-65, A212 grade B, A302 grade B, and 
A517 grade F. Welding was done by the gas-
metal-arc welding process using one-sixteenth 
inch A6J2 welding wire. Base plate and electrode 
compositions are given in Table I. 
Welding procedure 
All welding was done on an automatic inert-
gas-metal-arc welding apparatus using direct 
current reverse polarity. Current and voltage traces 
were automatically re~orded during welding. 
The A6J2 welding wire was stored in a·sealed 
container at 120°F with dessicant to prevent 
absorption of moisture. As a further precautionary 
measure all weld wire was cleaned with 1/0 paper 
and washed with acetone immediately berore welding. 
Plate surfaces were degreased with acetone prior to 
welding. All welding was accomplished without the 
use of preheat and all specimens were allowed to 
-• 
,1 
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cool naturally. 
The basic shielding gas used was argon+ 1% 
1, 
oxygen. The amount of hydrogen introduce~ into 
the welding atmosphere was controlled by adding 
hydrogen and moisture. The hydrogen was added 
directly by mixture with the shielding gas. The 
moisture was added by bubbling the shielding 
18 gas through water bottles • Three different atmos-
pheres were used in the experimental program: 
argon +1% oxygen, argon+ 1% oxygen+ 1% water vapor, ~ 
and argon+ 1% oxygen+ 1% water vapor+ 5% hydrogen. 
Specimen development 
In keeping with the purpose of this investi-
gation several specimens of simplistic design 
were used. Three bead-on-plate type specimens 
are shown in rigures 1-3. Specimen design number 
one incorporated a nine-inch, longitudinal bead 
along the slit. The expectation was that stresses 
set up at the root of the weld would be sufficient 
to cause root cracking. By varying the depth of 
the slit various degrees of restraint could be imposed 
upon the weld root area. Thus the slit depth 
necessary to cause cracking could be taken as a 
quantitative index of cracking propensity., A~ 
further extension of this design was to vary 
the slit depth progressively from one end of 
.. 
.;. 
. ,;, 
i 
.. 
" 
• 
., 
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the specimen to the other. Cracking would be 
/ 
~ 
expected t~ occur up to a certain slit depth 
and not beyond that point. All tests with this 
specimen design ·-were made with HY-80. 
Specimen design number two was designed to 
provide a higher degree of restraint than specimen 
number one. With this specimen design a four 
inch, longitudinal weld bead was laid along the 
slit. 
Specimen design number three is a weld metal 
test. A five-inch bead was laid transverse to 
I the slits. HY-80 was also used for testing 
specimen designs number two and three. 
Two specime~ designs that require the 
application of external stress were also designed. 
They are shown in figures 4-5. Utilization of 
the specimen was as follows: 
(1) both halves of the specimen were clamped 
tightly together. 
(2) run-on and run-off plates were attached 
to «e specimen • 
a weld bead was laid along the root gap. 
.. 
.. 
r 
....,. 
. ( 3) 
(4) 
after the weld had cooled ~o_ L2() 0 }i' __ 1 t Wli~ __ ---------. -.-.. -.. ---·-
'\ 
declamped and the run-on and run-off plates 
were removed. 
(5) as shown in figure 6 the specimen was 
f 
.... 
' 
·' .,... 
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secured in a jig and the bolt turned to 
force the plates apart. 
(6) the specimen was allowed to remain in 
this position for 48 hours or until 
cracking was indicated. 
The degree of restraint placed on the weld 
root was varied by controlling the plate separation 
(gap opening) at the bolt. A complete series of 
tests using all five steels and all three atmos-
V pheres was run. The strain gage shown in figure 
4 was used to indicate cracking. The strain gage • 
.. 
circuit is shown in figure 7. When the plates were 
forced apart by turning the bolt the surface 
holding the strain gage was placed in flexural 
compression. When cracking occurred at the weld root 
there was a relaxation and a corresponding change 
in flexural strain. This behavior was picked up and 
recorded ~y the strain gage 1 circuit. 
MetallograEhic examination 
All specimens were examined metallographically 
for the incidence of cracking. Specimens number 
one and two were sectioned transverse to the weld 
at four equidistant positions along the weld bead. 
=-.. -'·--· ~-" -specimen design number three was sectioned longi-
tudinally down the center of the bead ,nd examined 
at each slit. . The ext.ernally applied restraint 
\· 
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apecimens were sectioned transverse to the weld 
bead at one-half inch and one and one-half inches 
from the weld end. The remainder oi the externally 
applied restraint specimen was broken open and 
the crack surface was made available for surface 
examination. 
'', 
., 
·,. 
.• 
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RESULTS AND DISCUSSION 
Bead-on-plate type specimens 
t 
Several test runa were made with epecimen design 
number one using slits of various depths. No 
cold crack~ were generated from the weld root ares. 
Some small degree or hot cracking was noted in the 
shoulder region of the weld. Stout and Meitzner23 
have previously shown this type of cracking to be 
associated with thermal effects that are most 
severe in the Bhoulder region of the weld. Since 
the mejor purpose or this investigation was to 
develop a delayed cracking test specimen, the use 
of specimen design number one was discontinued. 
Specimen design number two was also tested 
several times. In three of four specimens tested 
there were small cracks rormed at the root of the 
weld and extending into the heat-affected zone. 
All cracks were less than one-sixteenth of an inch ~ 
in length. It was apparent that the restraint 
generated at the-weld root was insufficient to 
cause severe cold cracking in a steel that had 
previously been shown18 to be crack sensitive. 
Since little hope was.held.that restraint could 
by increased by varying the slit geometry this 
speci~en design was also abandoned. 
Two runs were mad·e with spe·cimen design 
·~· 
!. 
.. 
·~. 
\ 
~. 
' 
number three. In both cases cracking occurred at 
the slit closest to the start of the weld bead. 
· Cracking did not occur at any of the other slits. 
The crack was confined to the weld bead from root 
to top. Quite obviously this is a weld metal 
test. Because of thJs limitation the specimen 
design was abandoned. 
It became apparent that the simple bead-on-
plate type specimens did not produce adequate 
'. 
1 ", . 
restraint to bring about th~--1esired level of 
delayed cracking. All such tests were abandoned 
and the remainder of the experimental investigation 
was carried out with externally applied restraint 
specimens. 
Externally applied restraint specimens 
The results of the tests using specimen 
desfgn number four are given in Table II. 
Although the data are limited some trends may 
be noted. 
Stress and hzdrogen 
Less severe atmospheres (lower hydrogen 
content) tend to require a larger gap opening 
(more stress on weld root) to cause cracking. 
Thie may be seen in the behavior of three steels: 
HY-65, A212 grade B, and·AJ02 grade B. The other 
two steels cracked with no application of external 
·' 
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. streaa (zero gap opening) in all three atmospheres. 
The results are similar to those found by 
other investigators. 18 . ' - . Stout and Interrante 
using the Lehigh Restraint Tes·'t'' also .found that 
to cause cracking it became necessary to raise 
the level restraint when a lower level of hydrogen 
was present in the welding atmosphere. Japanese 
investigators5 using the Tensile Restraint Cracking 
Test round a similar trend as did British investi-
9-11 gators. using the constant load rupture 
technique. 
Crack loci 
' 
Each of the steels tested showed a consis-
tency in the locus of cracking. ~ypical cracking 
for each steel is shown in figures 8-12. Both 
HY-80 and AJ02 grade B cracked solely in the 
heat-arfected zone. Both HY-65 and A212 grade B 
cracked solely in the weld metal with one exception 
(in argon+ 1% ~ygen + 1% water vapor, at a gap 
opening of 14 mils, A212 grade B showed a small 
crack in the heat-afI'ected zone). A517 grade F 
exhibited cracking that was either at the rusion 
line or in the heat-arfected zone extremely close 
to the rusion line •. Cracking was transgranular or 
. 18 
transdendritic. Stout and Interrante .r using 
A6J2 weld wire and five steels of the S811'le type 
. -
( 
-26-
d! tised h&re found exactly the same loci using 
the Lehigh Restraint Test. Hardness measurement8 
showed that pracking occurred in the zone of 
·highest hardness. This has been indicated by 
others as well. 
Time 
The use of the strain gage circuit to monitor 
/- c~acking behavior and provide a time log was 
apparently a failure. Therefore no direct proof 
.. 
exists that the cracks formed were of a delayed 
nature. However, ~racking was influenced by 
stress and hydrogen in a manner similar to that 
shown for delayed cracking. The crack loci were 
also similar to those shown for delayed cracking 
and since they were transgranular the cracks 
were most likely of a lower temperature nature. 
Specimen Design Number Five 
Specimen design number rive was shown to be 
less severe than specimen design number four. 
Table III shows the results ror HY-80 and AJ02 
grade B tested in argon+ 1% oxygen+ 1% water 
vapor. Note that AJ02 grade B cracked at a gap 
opening of between O and 13 mils when specimen 
design number four was used. Using specimen design 
number five re.sulted in cracking at a gap opening 
of between 15 and 30 mils. More important are 
' 
. ., 
' 
\ 
·~ 
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the reeulte obtained for HY-80. No external 
atreaa was necessary to cause cracking when 
HY-80 was tested with specimen design number 
four, even in a low'hydrogen atmosphere. Using 
specimen design number five and a more severe 
atmosphere required a gap opening of between 0 
and 10 mils to cause cracking. Thus specimen 
design number five appears to have greater 
range, in that it is able to show the behavior 
of a crack sensitive steel (HY-80) as well as 
that of a less sensitive steel (AJ02 grade B). 
The crack loci found in specimen design 
number five were the same es those found in 
specimen design number four. 
Crack length and surface area 
Measurement of crack area and the length of 
cracks was carried out, no correlation was found 
between these measurements and the hydrogen and 
stress level. 
-~ 
·1-
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StJGGESTIONS FOR FUTURE \\'ORK 
... 
From the foregoing results and discussion it 
seems that ~pecimen design number five holds the 
most promise. As previously discussed it has the 
ability to measure quantitatively the behavior of 
I \, 
- ---a broader range of steels. It is of simpler design 
and is simpler to machine. 
One other interesting possibility involves 
the study of fillet welds. By simply sliding 
one-half of specimen design number five slightly 
downward a fillet weld joint would be created 
that could then be tested in the same manner aa 
specimen number five. 
·v 
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CONCLUSIONS 
1 •. The simple, baad-on-pl~te type cracking tests 
; 
used in this investigation do not produce a 
sufficient level of delayed cracking to be 
used effectively as a delayed cracking test 
for a wide range of steels. 
2. Both externally applied restraint specimens 
used in this investigation are internally 
consistent, i.e., the expected behavior or 
several steels to stress and hydrogen is 
demonstrated. 
3. The length of cracking or the area cracked 
does not appear to bee reliable criteria 
upon which to base cracking susceptibility. 
4. Of the two externally applied restraint 
specimens, specimen design number five seems 
more userul. Its lower initial stress con-
centration allows for a broader range or 
steels to be evaluated. 
1' 
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.. .I Table I 
"· BASE PLATE AND ELECTRODE COMPOSITIONS 
Steel. Form C Mn p s Si Cu Ni Cr Mo V Al B - - -
-
-
· HY-65 l" .12 .48 .013 .03 .20 • 70 2.16 .06 
-
.)9 .058 .11 
- '\ A517F 1"( .16 .84 .015 .013 • 20 .30 .92 .61 .42 .003 .03 
-
• A212B 1 ft 
.28 • 70 .026 .017 .20 
- - - - - - -HY-80 l" .14 .30 .018 .01 .20 
- 2.94 1.62 .46 
- - -
.._ 
:~ 
2" 
.28 I \ A302B .17 1.33 .025 .026 .20 .16 .16 .44 
- - - \A) 
w 0 
I 
.A6:3:2 1/16" .05 1.32 .009 .012 .55 - 1.32 .09 .43 .15 
- -
wire 
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EXPERIMEN·TAL DATA FOR 
A. ARGON+ 1% OXYGEN 
Gap opening (mils)* 
0 
13 
25 
38 
50 
' 
..,, 
: \: Table II 
SPECIMEN NUMBER FOUR (USING A6J2 WIRE) 
+ 1% WATER VAPOR+ 5% HYDROGEN 
HY-65 AJ02B A212B HY-80 A517F 
no-::·* yes** yes yes yes 
. .-
·- yes yes yes yes 
no yes yes yes ye~ 
I yes - - -
- ~ yea yes yes yes yes I 
"'· 
(continued next page) 
• 
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Table II (continued) 
B. ARGON + 1% OXYGEN + 1% WATER VAPOR " 
/ Gap opening (mils) HY-65 A302B A212B HY-80 A517F '\. .. 
0 no no yea yes yes 
13 
- yes yes yes yes 
25 
- yes yes 
-
-
., ..... 
r· 38 no 
- -
. .-:, 
-
\ 
·.,;.. 50 
I no - ~: 
-
- w 
\1\ 
I 
63 yea 
- -· -
-
,. 
.. 
... 
(continued next page) ) 
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C. ARGON+ 1% OXYGEN 
Gap opening (mils) 
O· 
13 
~:5:: 
:.7_5:' 
:.1:0:0 
:•.II 
Table II (continued) 
HY-6,2 
no 
-
-
no 
·n.o· 
AJ02B 
no 
no 
yes-
-
·-
A212B 
no 
no 
yea 
-
-
* see figure 6 
HY-80 A517R: 
yes ,, yes 
- -
- -
... 
-
- -
**ayes indicates cracking, a no indicates 
absence of cracking. 
• 
.. 
I 
\.,J 
°' I 
,: 
.•. .... • 
'· 
) 
\ 
.. -. 
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Table III 
.. 
EXPERIMENTAL DATA FOR SPECIMEN DESIGN NUMBER FIVE 
ARGON+ 1% OXYGEN+ 1% WATER VAPOR - A6J2 ~ire 
Gap opening (mils) 
0 
10 
15 
30 
. ~-
.. 
AJ02B HY-80 
no crack no crack 
-
no crack 
cracked 
cracked 
-
-
i, 
I 
Ji 
:~ 
,'! 
I 
I 
I 
l 
I 
' 
) 
... 
,,.. 
t= plate thicknes 
x= slit depth 
, 9" 
• • 
.. 
-38- • 
X 
f 
1/16" saw slit runs under the 
weld bead the entire 9" plate 
leng~h 
Figure 1 Specimen design number one 
'"· 
,, 
,, 
) 
·~ .. 
-~ 
~ t= plate th1cknea 
t 
* 
8" 
-39-
,~ 4" 
1/16" saw slit cut with 5" diam. 
circular saw, max. depth is 5/8" 
Figure 2 Specimen design number two 
I 
> I 
_..,,I 
~' 
. / ~~~. 
,L , ... , ~-.:.. ,~••.:'•:'•' -~• • 
I. 
.. 
I 
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4"------.1 
t= plate thickne!s 
t 
t: 
Figure 3 
l" 
~1 
.__ 1/16_" saw slits cut with 5~' 
diame circular saw, max. 
depth is~" 
Specimen design number three 
' \ 
-~.-
I, 
, 
: 
-.·. 
9" 
., 
. .. 
8" 
--:,:-
3/l_~" 
t 
1'i-til 
3" 
-41-
weld bead laid along slit 
1/16" saw slit 
SR-4 
strain 
gage 
I 
l" diam. drilled 
and tapped hole through the 
first plate 
only 
~ 
' 
' 
l" bolt 
1" 
l" y 
_Figure 4 ·Specimen design number four 
.• 
' 
·~·· 
... 
-•.,--_.-.• .--., ·----"=--- ----
' •, 
l 
l 
' . l 
' 
\ 
8 ff 
3/4" 
t 
1"~ 
i, 
1/16" 
i-1ide 
slit 
-42-
weld besd laid along slit 
SR-4 st sin gage 
-1" diam. drilled 
and tapped hole 
through the first 
plste only 
l" bolt 
Figure 5. Specimen design number five 
-- I 
• 
I . 
...... 
. ,. 
-:i. 
-~· 
dial gauge to 
' measure gap 
opening, g 
" 
g 
....... --,/J,,:.# 
turn to 
force 
plates apart 
\ 
SR-4 type 
strain gage 
, screws to 
hold specimen 
·secure to 
welding jig"-
Figure 6 Externally applied restraint specimen 
under test · 
--·-------·-----~--
360 ohms 
. ;. 
strain 
gage 
-. . 
3 K-ohme 
20 K-ohms 
ohme 
360 ohms 
ohms 
Figu~e 7 Strain gage circuit 
·,. 
I 
/ 
+ 
-
- 6 volts 
-
recorder 
t 
I 
.-
·Ii 
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